ABSTRACT. Because seasonality in tropical environments is driven by variation in rainfall, phytophagous tropical organisms are expected to exhibit mechanisms of escape in space and time that allow them to synchronize their breeding efforts with suitably wet periods of the year. This hypothesis was addressed by studying the breeding phenology of the nymphalid butterfly Hypolimnas bolina (L.) in the Australian wet-dry tropics. This species favours small, herbaceous larval foodplants that either die off annually or exhibit marked declines in leaf quality during the dry season. As expected, reproductive activity in H. bolina was broadly correlated with both rainfall and humidity, with individuals spending part of the dry season (early April to late August) sheltering in overwintering sites in a state of reproductive diapause. The timing of the overwintering period was similar between the 2 years, which suggests that individuals respond to seasonally predictable cues such as photoperiod. At least in 1998, the exit of butterflies from overwintering sites was relatively sudden and coincided with the first spring rainfall event. These findings suggest that H. bolina copes with seasonal adversity in the tropics by means of a regularly timed diapause.
and Pierids (e.g. Jones & Rienks 1987 ) that rely on annual hostplants, H. bolina are expected to possess some adaptive mechanism to circumvent this seasonal adversity.
In line with this expectation, accumulated evidence suggests that adult H. bolina spend at least part of the tropical dry season in a state of reproductive diapause. This is based upon (a) the presence of adult females with regressed ovaries in the mid-late tropical dry season (Jones 1987) , (b) reports that adults inhabit sheltered creek lines and gullies during this time (Kemp 1998 , also see McCubbin 1971 for a description of similar behaviour in the closely related H. alimena (L.)), and (c) experimentally induced delays in ovarian development due to rearing photoperiod (Kemp 2000) . There is little evidence for seasonal migration in this species, or developmental arrest in any of the juvenile stages, which suggests that H. bolina may rely on adult reproductive diapause to circumvent seasonal adversity. However, quantitative data from field populations are badly needed.
The aim of this study was twofold: (a) to document changes in the numbers of reproducing and overwintering H. bolina in the seasonal tropics throughout the year, and (b) to investigate the correlation between reproductive activity and seasonal changes in climatic conditions. The hypothesis that reproduction in H. bolina, like many tropical phytophages, is constrained by seasonal rainfall predicts that breeding activity should be tightly correlated with rainfall patterns. In particular, since female H. bolina prefer to oviposit on freshly germinated seedlings of S. nodiflora, and this plant germinates en masse in response to the first reasonable spring rains (Kemp 1998) , individuals are expected to exit overwintering sites and resume reproductive activity with the first substantial new season rainfall.
M ET H OD S
Reproductive seasonality in H. bolina Reproductively active adult H. bolina differ profoundly from overwintering individuals in terms of their behaviour and microhabitat selection. Both reproductively active males and females inhabit relatively open, sunlit areas such as forest clearings (McCubbin 1971) , rain forest edges (D. J. Kemp, unpubl. data) and open stream courses (Rutowski 1992) , and these sites invariably contain some growth of at least one larval foodplant species; in North Queensland this is most commonly S. nodiflora. At these sites, females oviposit and males engage in mate location. Mate locating males are highly active and exhibit stereotyped behaviours (see McCubbin 1971 , Rutowski 1992 . Reproductively active females travel around low to the ground in sunny areas where larval foodplant is present, and intersperse egglaying and basking behaviours (Kemp 1998) .
In contrast, overwintering male and female H. bolina inhabit relatively dark, sheltered gullies and creek lines. Individuals at these sites are generally found resting on the underside of a leaf, or less often perched head-downwards on a tree trunk, almost always in heavily shaded microhabitats. Individuals may remain perched in the same spot for several days, and are slow to take flight, even when startled (D. J. Kemp, unpubl. data) . This type of overwintering behaviour has also been reported for the closely related congener H. alimena during the dry season in Northern Australia (McCubbin 1971) .
These profound behavioural and distributional differences are used here to infer the reproductive status of individual H. bolina in the field throughout the year. This study therefore implicitly assumes that individuals present at male encounter/female oviposition (hereafter 'reproductive') sites, and exhibiting behaviours consistent with reproductive activity (mate location or oviposition) are reproductively active, whereas behaviourally dormant butterflies in overwintering microhabitats are reproductively dormant. This assumption was validated for females, but not for males. Of 106 females caught from field reproductive sites in the Cairns region, 105 carried mature oocytes, and 104 carried at least one spermatophore in their bursa copulatrix, which indicates nonvirgin status. On the other hand, of 25 quiescent females caught from overwintering microhabitats in April-August 1997 (from sites in Cairns [C1 and C3; Table 1 ] and Townsville [T1 & T2; Table 1 ]), 24 had fully regressed ovaries, and the remaining female had partially developed ovaries (largest oocyte < 0.10 mm length, compared with mature oocyte length of 0.30-0.36 mm). The abdomens of all dissected females were packed with an extensive fat body. In addition, no female carried a spermatophore, which confirms that female H. bolina overwinter as virgins.
Butterfly censuses
To gain a picture of reproductive seasonality in H. bolina, butterflies were censused at (a) reproductive sites, and (b) overwintering sites, throughout the year. Following a preliminary study throughout 1997, three of each type of site were selected in both Townsville (19°15′ S, 146°45′E) and Cairns (16°53′S, 145°45′E), and these sites are described in Table 1 . Sites were selected on the presence of suitable habitat (either reproductive site or overwintering site habitat; as described above) and the presence of a reasonable number of individuals exhibiting either reproductive or overwintering behaviours (as appropriate, see earlier description). In four cases, individual overwintering and reproductive sites were situated less than 1 km apart (sites C3 and C6, T1 and T4, T2 and T5, T3 and T6; Table 1), and represented different habitat types within the same park reserve.
Reproductive sites were censused by traversing a linear transect (lengths given in Table 1) , and counting all 'flushed' animals (Pollard 1977) , whilst overwintering sites were comprehensively searched; firstly by visually searching the undergrowth of vegetation in shaded microhabitats, and secondly by beating at vegetation within the site using the handle of a butterfly net (1.3 m length). Starting December 1997, sites were censused at least monthly (Townsville) or fortnightly (Cairns), but more frequently at the beginning ), between 10h00 and 13h00. Overwintering sites were also censused during late morning to exclude the unlikely possibility that inhabitants were simply roosting (and otherwise reproductively active). Since this species is sexually dimorphic for colour pattern (Clarke & Sheppard 1975) , all individuals were sexed visually on site.
Where possible, butterflies seen at overwintering sites in 1998 were captured, marked and released at the site (see below). This practice was discontinued in 1999, owing to the relatively small numbers of individuals at these sites. Captured butterflies were marked with a small number on their ventral hindwing using a red ink marker (Superfine Stabilo-OH Pen 841, waterproof) and cooled prior to their release (see Kemp & Zalucki 1999) . Marked butterflies seen subsequent to their initial capture were not re-caught, but their presence and location was noted.
Environmental data
Data on relative humidity and rainfall were collected from the Australian Bureau of Meteorology weather stations located at the Cairns and Townsville airports; less than 10 km from all sites censused in each of these two centres.
Statistical analyses
To conduct between-sex and between-site comparisons of butterfly counts at reproductive sites, monthly average butterfly counts were calculated by dividing the total number of butterflies seen each month (of each sex or at each site) by the total number of censuses conducted that month. These averages (for each sex or each site) were then compared in specific instances using nonparametric Wilcoxon signed-ranks tests (Sokal & Rohlf 1995) . Analyses were conducted using the STATISTICA TM (release 4.5) statistical package.
R ES U LT S
Seasonal residence of H. bolina at reproductive sites Annual counts at reproductive sites in Cairns and Townsville (Figures 1a,  2a) were broadly similar across the 2-y period, although significantly more butterflies were counted at Cairns (Wilcoxon signed ranks test: z = 3.63, n = 23, P < 0.01). In both places, counts were clearly seasonal, being relatively high from December 1997 to June 1998, and again from September 1998 to June 1999. No butterflies (either sex) were present at any of the Cairns reproductive sites in July 1998 and August 1999, and no butterflies were seen at Townsville sites in July 1998 and July-September 1999. Counts at both Townsville and Cairns reached a higher peak in the 1997/98 summer than the 1998/ 99 summer (Figure 1a, 2a) . Also, more butterflies were counted in 1997/98 than 1998/99. Significantly more males were counted than females in both Cairns (Wilcoxon signed-ranks test: z = 4.11, n = 24, P < 0.001) and Townsville (Wilcoxon signed-ranks test: z = 3.72, n = 23, P < 0.001).
Seasonal residence of H. bolina at overwintering sites
Relatively few butterflies were counted at overwintering sites, with the maximum of 21 counts (nine females and 12 males) made in Townsville on 13 August 1998. The largest count at an individual site, 11 butterflies, was made on four occasions: at site C4 on 30 April and 9 May 1998, and at site T5 on 4 May and 13 August 1998. Irrespective of the low counts, the presence of butterflies at these overwintering sites was clearly seasonal (Figures 1b, 2b) . In both years, the first overwintering individuals were recorded in late March/early April (29 March 1998 and 11 April 1999) , which indicates that butterflies may begin to enter these sites at the same time each year. Similarly, the very last overwintering butterfly was seen on the same day each year (August 27), at site C4. The occurrences of males and females at overwintering sites were highly correlated (Cairns: r s = 0.863, n = 23, P < 0.001; Townsville: r s = 0.93, n = 22, P < 0.001).
Butterflies inhabited overwintering sites when numbers at reproductive sites were relatively low, although there was considerable overlap in both Cairns (Figure 1 ) and Townsville (Figure 2) . The (negative) correlation between monthly overwintering counts and reproductive site counts neared significance in both places (Cairns: r s = −0.366, n = 23, P = 0.09, Townsville: r s = −0.40, n = 22, P = 0.06).
Individual residence at overwintering sites
Between April and August 1998, 21 butterflies (10 males and 11 females) were marked at Townsville overwintering sites, and 13 butterflies (seven males and six females) were marked at Cairns sites. Of these, only 13 butterflies were seen again in subsequent surveys, and these were all seen at their site of capture. The period between marking and last sighting (of resighted individuals only) averaged 67.2 ± 11.1 d, and ranged from 3 to 118 d. In three cases (at sites T2 and T3), butterflies marked in April were resighted in August censuses (and in varying numbers of censuses in between); these individuals appeared to spend the majority of their overwintering period at the same site.
Reproductive activity and environmental conditions
As predicted, butterfly activity was broadly correlated with rainfall and humidity in both Cairns (Figure 1 ) and Townsville (Figure 2) . In both places, butterflies were present at reproductive sites during the months of the year in which rainfall and humidity were highest, and present at overwintering sites during the months when rainfall and humidity levels were lowest. Compared to Townsville, butterfly numbers at Cairns sites appeared less closely related to changes in monthly rainfall and humidity, particularly in the 1998/1999 wet season. For instance, counts at Cairns reproductive sites rose substantially in September 1998, although rainfall in that month remained relatively low (86.4 mm). Also, butterfly counts did not rise considerably in the months of February and March 1999 (or the following month), although rainfall during these months rose to substantial levels (totals = 652.6-690.4 mm).
The prediction that butterflies should exit overwintering sites in response to the first spring rains was strongly supported in 1998, but less strongly supported in 1999. In 1998, butterflies overwintered at relatively high levels until late August, when all individuals left the sites suddenly (between 27 August and 4 September 1998). This exodus corresponded with the first high rainfall event on 31 August and 1 September 1998 (42.6 mm). By contrast, in 1999, butterfly numbers dropped gradually between 27 July and 3 September. Even though there was a comparatively large rainfall event on 6 August 1999 (28.8 mm), butterflies did not exit sites en masse as they apparently did in late August 1998.
D IS C US S I ON
The results of this study strongly suggest that H. bolina undergoes a period of adult reproductive diapause during the winter dry season. The evidence for this conclusion can be summarized as follows: (1) males and females retreat to sheltered, shady gullies during the driest months of the year (AprilSeptember), in which they remain behaviourally dormant; in some cases individuals can be seen at the same site for several months, (2) numbers of ovipositing females and mate-locating males at traditional reproductive sites fall markedly during the months corresponding with high overwintering site counts, and (3) females sampled from overwintering sites have fully regressed ovaries, extensive fat bodies and are unmated (see also Jones 1987) . This species was previously thought to possess a reproductive diapause (see Jones 1987 , Kemp 1998 , Kemp 2000 , but up until now few quantitative data existed to confirm this suspicion. Reproductive diapause has been previously reported or suggested for tropical butterflies in the Papilionidae (Common & Waterhouse 1981 , McCubbin 1971 , Owen 1971 , Pieridae (Jones 1987 , Jones & Rienks 1987 , Nymphalidae (Braby 1995 , Jones 1987 , Owen 1971 , Scheermeyer 1993 , and Lycaenidae (see references within Braby 1995), however relevant quantitative data are sparse.
Although overwintering sample sizes were low, these provide the best empirical indication thus far of the timing of reproductive diapause in H. bolina. Indications are that diapause in this species is regularly timed, since animals entered and exited overwintering sites at roughly the same time in both years of this study. Kemp (1998) reported that individuals exited an overwintering site in Townsville (site T4) in early September 1997, which is also consistent with the exit times presented here for 1998 and 1999. In this sense, H. bolina may possess a similar reproductive strategy to that exhibited by the Pierid Eurema herla (Macleay) (Jones & Rienks 1987) . In a 2-y study, Jones & Rienks (1987) discovered that E. herla has regularly timed periods of reproductive activity in Townsville, and suggested a photoperiodically controlled diapause for this tropical species.
In H. bolina, there is strong evidence that photoperiod plays a role in diapause induction, since delayed ovarian development can be elicited by rearing individuals at 'short-day' photoperiods (Kemp 2000) . Furthermore, the 'critical' rearing photoperiod for initiating diapause in this species is in the region of 12.5 h daylight; a situation encountered by juveniles in Cairns during earlymid March (including civil twilight, which is perceived by insects; Danks 1987). On this basis, diapause should be induced in individuals emerging throughout late March and early April (depending on the precise sensitive stage), which corresponds to the time when butterflies were first seen to enter overwintering sites in this study.
Answering the question of when diapause is terminated in H. bolina is more problematic, partly because this study is only capable of assessing when butterflies exit overwintering sites, and not when they actually terminate diapause. Interest here was directed at when butterflies exit overwintering sites, as this indicates the resumption of reproductive activity. The exodus from overwintering sites in 1998 corresponded well with a sudden pulse of spring rainfall. This sudden exit was not observed in 1999, even though an early pulse of spring rainfall was sufficient to stimulate good growth of S. nodiflora in the region (D. J. Kemp, unpubl. data) . Kemp (1998) reported that overwintering individuals left site T4 en masse in early September 1997, and this exodus corresponded to a significant rainfall event (37.8 mm rainfall from 31 August-2 September 1997) after a relatively dry August. These observations suggest a role for spring rainfall in determining the resumption of reproductive activity in H. bolina.
A large drawback of this study was that only a small number of animals were
